The morphology of gravity-driven rivulets affects the mass transfer performance in gas separation processes, hence, the need for an improved knowledge on the hydrodynamics of this flow. It is well established that the interface area of the rivulets is determined by the balance between inertia and surface tension, i.e. the Weber number, which in light of the results presented here, are not the only parameters involved, but also the inclination of the plate has an effect on the balance of forces which determines the amount of gas-liquid interface area. The analysis of the interface area in rivulet flow demands, therefore, a more complete physical explanation for packing design purposes. In this work, we analyse the combined effect of both the inertia and the inclination of the plate in the interface area of liquid rivulets using CFD and the Volume-of-Fluid interface tracking method. As a result, we propose the use of the Froude number to provide a more complete physical explanation on the interface area formation of gravity-driven liquid rivulets.
Introduction
Numerous investigations have been carried out toward simulating threedimensional multiphase flows inside packed gas absorbers, although the intricate geometry and the complex characteristics of the flow make the computational effort still too large. The modelling approach must, therefore, be divided into three length scales, which feed back each other (small-scale, meso-scale and large-scale) [1, 2] . The whole column is considered at large-scale with the structured packing being modelled as a porous medium [3, 4] . The liquid distribution inside the absorber as well as the effect of geometric features on the flow are studied at this level. In meso-scale simulations, the computational domain is formed by a limited number of Representative Elementary Units (REU), which is the smallest repeated unit that forms the structured packing. The meso-scale approach represents the actual geometry of the packing and is used to assess the pressure drop per unit length [5, 6] . The link between meso-and largescale consists in that meso-scale simulations are used to determine the pressure drop coefficients, which are fed into the equation that defines the pressure drop through the porous medium, i.e. the Ergun equation. At small-scale, a 2D or 3D metallic plate is used to visualise the formation of the liquid film on the solid packing surface. That simple geometry allows to implement structured grids and interface tracking methods, such as the Volume-of-Fluid (VOF), at a reasonable computational cost [8, 9, 10] . The link between small-and mesoscale consists in the calculation of the velocity at the gas-liquid interface, which is used to obtain the wet pressure drop coefficients of the packing. On the other hand, interface tracking methods allow to visualise the liquid maldistribution phenomenon, which consists in the formation of droplets and rivulets within the column instead of the desired fully developed liquid film. Smallscale allows, therefore, to gain theoretical knowledge-otherwise difficult to get only with experimental methods-needed so as to improve the design of packed columns [13] .
The relation between the forces acting on the fluid and the gas-liquid inter-A c c e p t e d M a n u s c r i p t face area has been investigated using small-scale CFD simulations [14] . Three different liquid regimes depending on the liquid inlet velocity have been identified: trickling regime, rivulet regime, and full film flow regime. The trickling regime is characterised by the continuous detachment of droplets from the accumulation of liquid which builds up next to the liquid inlet. The rivulet flow regime is characterised by the formation of a zone next to the liquid inlet, where a developed liquid film forms, and two lateral and a central rivulet. In this physical process, the gas-liquid interface area increases with the liquid inlet velocity until the plate is fully covered. The Weber number allows to analyse the transition from one regime to another as the balance between the inertia of the liquid-which tends to spread the liquid over the surface-and the surface tension-which tends to minimise the gas-liquid interface. This balance has been used to explain the succession of braids and film areas as well [15] .
The main hypothesis of this work is that, besides the initial inertia and the surface tension, also the effective component of the gravity along the plate, i.e. the inclination over the horizontal, has a considerable effect on the development of the gas-liquid interface area. Greater interface area are expected as the inclination of the plate over the horizontal plane increases due to the increment in the liquid velocity, however the visualisation of the velocity field within the liquid allows to determine that the momentum in the transversal direction of the flow is the factor causing the liquid spreading. The increase in the gravity component along the plate results in a decrement of the transversal momentum, and contrary to what was expected, a reduction in the interface area. Finally, the Froude number is proposed to quantify the combined effect of the liquid initial velocity and the plate inclination on the gas-liquid interface area. These conclusions can have an impact on the packing design, since smaller inclination is preferable from the point of view of the interface area.
A c c e p t e d M a n u s c r i p t
Numerical Approach
A 3D computational domain consisting of a smooth metallic surface-with dimensions 3 cm×0.5 cm×6 cm and total area of 18 cm 2 -is used to study the rivulet flow. The schematic of the computational domain is shown in Figure 1 .
The observation plane in which the results of the figures 5, 6, 7 are taken is also depicted in the plot (at 5 mm from the lateral wall), as well as the inclination angle over the horizontal plane α. It must be noted that the actual inclination of the solid wall in a packed column is the combination of the angle formed by the corrugation, and the angle that the ridges form with the horizontal plane.
The values of α represented in this work do not correspond to any packing in particular, but have been selected as a representative value of the actual inclination of the packing wall over the horizontal plane. As for the boundary conditions, the liquid inlet is a 0. [ Figure 1 around here]
The Volume of Fluid (VOF) model has been used for tracking the gas-liquid interface movement. The mass conservation can be written as
where the density ρ is not constant throughout the computational domain, but varies according to
where γ l and γ g are the volume fraction of liquid and gas phases, respectively. M a n u s c r i p t
The momentum equation is
where u is the velocity field, g is the gravity field, p is the hydrodynamic pressure, and the viscosity varies as
The surface tension momentum source term S σ is modelled according to the Continuum Surface Force (CSF) model introduced by Brackbill et al. (1992) as
where σ is the surface tension, κ represents the curvature of the interface between both phases, and the subscripts l and g denote liquid and gas respectively [16] . The curvature κ is obtained as the divergence of the unitary vector perpendicular to the gas-liquid interface n according to
The contact angle θ is included to describe the liquid-solid adhesion. A correction for the normal direction is included as a function of θ as n = n wall cosθ + t wall sinθ,
where n wall and t wall are respectively the normal and tangent vectors to the wall, respectively.
The VOF model solves a single set of mass and momentum conservation equations (1)-(3) in the entirety of the computational domain.
Water and air have been set as the liquid and gas phase respectively, being the domain initially filled with air. A second-order upwind spatial discretisation scheme has been used along with the PRESTO pressure-correction algorithm. A The characteristics of the grids are summarised in Table 5 .
[ Table 1 around here]
The Bond number Bo quantifies the relative magnitude of the surface tension compared to gravity as
where ∆ρ denotes the density difference between both fluids, and g e f f is the effective acceleration of the gravitational force (g ef f = gsinα). The dimension of the plate in the w-direction (6 cm) has been used as the characteristic length l, i.e. see the coordinate axes disposition in Figure 1 . Therefore, when the inclination angle α over the horizontal plane increases, the Bond number Bo increases as well due to the component of the gravity along the plate surface.
On the other hand, the Weber number W e quantifies the relative importance of the fluid inertia compared to surface tension as
A c c e p t e d M a n u s c r i p t where v represents the liquid inlet velocity, and the dimension of the plate in the w-direction considered as the characteristic length l as well. Therefore, when the liquid inlet velocity increases, the Weber number increases too.
The surface tension σ between air and water (0.072 mN/m) remains unchanged in the present numerical study. Upon these conditions, if the density of the gas phase is neglected compared to the liquid phase, then the Froude number at liquid inlet conditions F r gives the measure of the relative value between the inertia of the liquid and gravity. The Froude number F r is assumed as being
The Froude number can, therefore, be used to study the combined effect of both the liquid inlet velocity and the gravity on the liquid distribution over the plate, when the surface tension is kept constant.
Verification & Validation (V&V) Assessment
Three grid-levels have been investigated with the specifications shown in Table 2 . The grid refinement ratio r
2 in both refinement steps. The minimum grid spacing h can also be found in Table 2 .
The grid spacing in the v-direction follows a logarithmic law so as to provide better refinement next to the solid wall.
[ Table 2 around here]
The grid convergence study has been carried out relying on the generalised
Richardson extrapolation proposed by Roache [19, 20] . The original work of
Richardson [21] provided a method to estimate discretisation errors, and the numerical solution of a variable φ is calculated-correcting an assumed exact solution φ exact -by a series of terms as
M a n u s c r i p t where h is the grid spacing, g a , g b are functions that do not depend on h, and H.O.T. represents higher-order terms in the polynomial. The Richardson extrapolation requires the use of at least three grid-levels (coarse, medium, and fine) [22, 23, 24] , however, it is also possible to use an appropriately chosen number of grid-levels [25, 26, 27] . The refinement ratio r should be applied in each refinement step. The coarse, medium, and fine grids are denoted with the subscripts 3, 2, and 1, respectively. The apparent order of convergence p can be calculated by
where absolute errors are computed as ε 32 = φ 3 − φ 2 and ε 21 = φ 2 − φ 1 , and
where the parameter s can be expressed as
The extrapolated value at zero grid spacing φ extr is then evaluated as
The Grid Convergence Index (GCI) is used to quantify the numerical accuracy. The GCI 21 considering the fine and medium meshes is obtained as
wherep represents the average apparent order of convergence, and the relative error is
The GCI and the relative error can also be obtained by considering the coarse and medium grids. It is important to note that the Richardson extrapolation can only be applied when the calculations lie within the asymptotic range. That condition is evaluated as Table 3 summarises the results of the grid convergence study of the interface area using the three grids described in Table 5 . (2007) applied them to complex flows, such as spray dryers and solidification of metal ingots [28, 29] . Grid convergence assessments give also confidence on the CFD results, especially when there is a shortage of experimental data available for comparison. The fine grid is used to compute the results discussed in the following Section 4.
[ Table 3 around here]
[ Figure 2 around here]
[ Figure 3 around here]
The results contained in Table 3 show a progressive convergence of the results towards the theoretical extrapolated value at zero grid spacing. Figure 3 provides visualisation of the grid convergence. Most importantly, the asymptotic range condition has been checked, showing values approximately equal to 1, which means that the generalised Richardson extrapolation has been applied properly.
Comparison to experimental data found in the literature has been reported A c c e p t e d M a n u s c r i p t
as well. Figure 4 shows the experimental results of Hoffmann et al. (2004 Hoffmann et al. ( , 2006 along with the six cases described in Table 5 [ Figure 4 around here]
Results and discussion
The effect of the inertia and the inclination of the plate on the interface area has been reported in Figure 4 , in which the results have also been compared to experimental data. Our results are grouped in two different series according A c c e p t e d M a n u s c r i p t velocity components within the fully developed film are represented in Figure   6 and Figure 7 . The subplots in the same row contain data with the same value of the Weber number and different value of the Bond number so as to assess the effect of the plate inclination on both velocity components. The values shown correspond to quasi-steady conditions (last data point in Figure   2 ). The velocities (normalised by the liquid inlet velocity) are taken along the line parallel to the surface of the plate (distance from the plate constant at y=0.2 mm) and contained in the plane depicted in Figure 1 . The plots also
show which values correspond to the gas and the liquid phase, respectively.
Non-zero values are observed in the gas phase owing to momentum exchange between both phases. Also, gas recirculation through the pressure outlet results in a notable negative value observed near the outlet in Figure 7 A c c e p t e d M a n u s c r i p t A c c e p t e d M a n u s c r i p t Figure 2 : Transient evolution of the interfacial area f for the six cases tested, using the three grid levels. The legend is only represented in one of the subplots for simplicity.
M a n u s c r i p t Figure 3 : Grid convergence plot showing the effect of the grid spacing on the gas-liquid interface area f for the six cases tested (cases described in Table 5 A c c e p t e d M a n u s c r i p t M a n u s c r i p t A c c e p t e d M a n u s c r i p t A c c e p t e d M a n u s c r i p t A c c e p t e d M a n u s c r i p t A c c e p t e d M a n u s c r i p t A c c e p t e d M a n u s c r i p t A c c e p t e d M a n u s c r i p t
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